Abstract: Basing on long-standing cyclic measurements of sludge-originated biogas composition and considering statistical analysis of their results, a regression model describing time variation of biogas desulfurization using bog iron ore has been developed. The model was verified by theoretical calculations and results from laboratory examinations of the sorbent. It was also used to estimate the depletion time and sorption capacity of the bed and to determine the demand index for bog ore.
Introduction
Development of renewable energy sources is one of the priorities of European Union's policy. According to the Development Strategy of Renewable Energy Sources approved by Polish Parliament in 2001, Poland is planning, as a part of this policy and commitments undertaken, to double the share of renewable energy in the total balance of primary energy carriers (up to 15%) by 2020. According to this Strategy, the biomass including also biogas, is to be the main renewable energy source. This is confirmed by the project "National Executive Plan for Energy from Renewable Sources" prepared by the Ministry of Economy in 2010 which represents the commitments resulting from the Directive 2009/28/EU of the European Parliament and the Council on the promotion of the use of energy from renewable source. Pursuant to this plan, the national output of biogas in 2012 was 7033 TJ, 47% of which referred to biogas generated from sludge and 32% -from dumping site biogas. At the end of 2013, there were 231 biogas plants in Poland (160 MW e ), out of which just 17% represented agricultural biogas units. It can be expected that their share would be essentially higher in forthcoming years. According to Poland's Power Engineering Policy by 2030 as prepared by the Ministry of Economy in 2009, wind power engineering, production of biogas and solid biomass, and also transport bio-fuels would be of decisive importance in reaching the aforementioned 15% target, and according to above "National Executive Plan ...", expectations are that, on an average, one agricultural biogas plant will be constructed in each commune by 2020.
Having regard to the boom forecasted for biogas plants [1] [2] [3] , it would be necessary to develop biogas treatment methods, especially in the context of its industrial combustion. Removal of sulphur hydrogen, which creates threat for instrumentation and environment, is among one of the most important stages in biogas treatment process [4] . Due to availability of the sorbent and low related capital and operating costs, bog ore, the mineral including iron compounds reacting with H 2 S, is commonly used for this purpose in Poland. However a barrier for its further effective use may be the lack of experimental data about its sorption capacity, mechanisms of sorption and the possibilities of its intensification.
The mathematical model of time variability of biogas desulfurization efficiency using bog ore was developed basing on long-standing (2003-2009), quarterly examinations of biogas generated from sludge in Wroclaw Sewage Treatment Plant [5] . It was then used to calculate the bed sorption capacity and to determine the sorbent demand index per 1000 m 3 of biogas. The results from model calculations were compared with sorption capacity calculated theoretically and with the results of laboratory examinations.
This paper is continuation of the previous examinations [6] . Information about analytical methods is given in items [5] [6] [7] [8] while that of generation and treatment of biogas under investigation -in [5] .
Biogas desulphurization using bog ore
Biogas can be cleared out of H 2 S through the following processes: physical absorption [9] , absorption including chemical and/or catalytic reaction [10] , adsorption [11] [12] [13] [14] [15] , adsorption including chemical and/or catalytic reaction [16] [17] [18] [19] [20] [21] [22] , and microbiological reactions [23] [24] [25] [26] [27] [28] [29] [30] [31] . Absorption including catalytic reaction using Fe +3 iron compounds [32] , which are easily and at low cost available in Poland, ie the bog ore, is the most popular method presented below. As regard geological aspect, the bog ore is a low-depth deposited Quaternary mineral formerly used in iron metallurgy and building engineering. Most often it is qualified as limonite (fine-grained or cryptocrystalline sedimentary rock being generally a mixture of iron oxides and hydroxides). It comes into existence as a result of biochemical and oxidation processes over areas of waterlogged meadows, peatbogs and marshy grounds (also called "meadow ore"). There are favourable conditions for its formation in our climatic zone, especially on the area of Polish Lowland [33] . The ore is deposited at depths up to 1 m which directly affects its low cost of winning. Pursuant to the Ordinance of the Minister of Environmental Protection of 18 December 2001 on the criteria of balancing the mineral deposits (Journal of Laws 2001.153.1774), "fine" and "lumped" forms are distinguished. An interesting feature of bog ore is its natural renovating capabilityfollowing it is worked out, it grows again in a dozen or so years and at the most in several dozen years.
Chemical constitution of the ore is dominated by Fe 2 O 3 (from 47 to 58% in fine forms and from 37 to 71% in lumped forms) and SiO 2 (11-15% and 37-69%, respectively). There are also P 2 O 5 and MnO 2 from several to a dozen or so percent. Detailed chemical analysis and variability of ore forms are shown in [33] . As concerns the mineral aspects, three groups of iron phase joints are distinguished: ferrihydride (Fe 5 O 6 (OH) 3 ·3H 2 O), goethite (α-FeOOH) and lepidocrocite (γ-FeOOH). Apart from oxide minerals, iron is also present in carbonates found in bog ores, ie siderite (FeCO 3 ), oligonite ((Fe,Mn)CO 3 ) and phosphates -eg vivianite (Fe 3 (PO 4 ) 2 ·8H 2 O). The ore includes also silty minerals (kaolinite, illite, smectice). Besides the crystalline components, bog ores contain amorphous, also organic, substances [34] . The key feature of a sorbent, which represents its adsorption properties, is the value of specific surface (BET). It varies, among different ore forms, from ca 30 to over 240 m 2 /g [35] . The radii of micropores are from 5 to do 25 Å, the capacity of cation exchange -from several to 50 mval/100 g and the capacity of anion exchange -up to several mval/100 g [33] . Fine ores have larger specific surfaces, higher number of pores and larger capacities of ion exchanges. The content of iron oxides and organic substance in the ores is of the highest importance for its sorption properties. By fixing to surface of ore mineral components (mainly iron oxide-hydroxides and hydroxides), humus substances block the sorbent pores [36] . There are no bibliography references with simple relationships between composition of bog ores and their sorption properties.
For the bog ore could be the H 2 S sorbent, it shall be made free of minus 200 µm grain size fraction, organic substances and carbonate minerals. Activation of the ore consists in calcining at 673 K [36] , fluffing (eg by adding sawdust) and alkalizing with calcium hydroxide, sodium hydroxide or sodium carbonate (hydroxides bond with CO 2 to carbonates which are also reacting with H 2 S). The aforementioned methods of chemical and physical activation allow to enlarge the specific surface and porosity, to improve alkaline-acid properties, hydrophilicity or hydrophobicity and also catalyst properties [36] .
Mechanism of biogas desulfurization using bog ore is strongly dependent on pH value. In neutral and alkaline environment (where NaOH is the activator), the process can run according to the following reactions:
(3) and accordingly, in acid environment:
(5) Alkaline medium is more favourable as it generates Fe 2 S 3 which faster reacts with oxygen. This facilitates regeneration consisting in oxidizing ferrous sulphide(III) back to the active form of ferrous oxide(III). In acid environment, the free sulphur coming out in a process, blocks the pores and faster deactivates active iron compounds. The process goes the best at about 310 K. Bog ore sorbent should have humidity of about 50%, Fe 2 O 3 ·H 2 O content above 60% of dry mass and pH value of water extract above 8. In theory, 1 kg of Fe 2 O 3 may bind 0.64 kg H 2 S. In practice, when gas mixture is free of oxygen, the saturation of 0.3-0.5 kg H 2 S/kg of dry ferrous oxide(III) is attained.
Material and methods
Two parallel cylindrical desulfurization grid-type units with four filtration baskets 2.2 m in diameter and bed layer height 0.20-0.25 m are used for biogas desulfurization at Wroclaw Sewage Treatment Plant (WSTP). The units are filled with bog ore from Strzyzow deposits near Kalisz, prepared according to the recipe of the Institute of Chemistry, Petroleum and Coal Technologies at Wroclaw University of Technology (Table 1) . Raw ore was modified by addition of alkaline activators (NaOH, Na 2 CO 3 ) and fluffing agents in form of sawdust. 
Statistical analyze
The model was developed on the basis of testing the biogas desulfurization efficiency (η) and dates of bed replacement (Table 2) . Examinations were grouped in 10 measurement series commencing each time from the date of bed replacement. In calculations, averaged values from both desulfurization units were used. (Table 3 ) taken for further analysis were determined as weighted averages after completion each series. Reliability of regressions under analysis for describing time variability of desulfurization efficiency was evaluated using the following tools of statistical analysis: dissipation diagram, correlation coefficient, deviation of averages and relative deviation of averages, average deviation and relative average deviation. The dissipation diagram (Fig. 1 ) was made to evaluate the degree of overrating or underrating the results. The points with coordinates ( pi , oi ) were introduced into the diagrams. Theoretical points should lie along a straight line inclined at 45º and starting from the origin of co-ordinate system. The degree of dispersion with respect of this line is the measure of model accuracy.
The interdependence force of experimental data and those calculated by the model was The values of statistical analysis indexes for three versions of regression under consideration are summarized in Table 4 . For comparison purposes, the version of ideal relation between calculated and measured efficiencies, ie when η oi = η pi , was presented. 
Results and discussion
Upon analyzing the indexes of statistical evaluation for regression versions under consideration (Table 4 ) and the dissipation diagram (Fig. 1 ), the exponential model was selected for further calculations. It was used to find the trend lines of H 2 S absorption efficiency decline with sorption time which lines were then included into particular measurement series correspondingly to Table 2 (Fig. 2) . Table 2 Trend lines for particular measurement series put on measurement points show no essential dependence between the sorption capacity decline and absorbed load of H 2 S. Hence, it appears that apart from hydrogen sulphide there are other factors which deactivate the ore. Potentially, these are as follows:
• acidification of reaction environment by CO 2 , which causes that H 2 S binding mechanism is changed and ore sorption capacity declines (pH value of 8-10 is considered to be at the optimum level); acc. to [32] , H 2 S binding is hindered when acid reaction ore is used (elementary sulphur, which precipitates under such conditions, blocks the pores and impedes H 2 S access to active iron compounds); likewise, sulphur presence may cause decline of ore sorption activity and colmatation the equipment; 
Verification and usage of the model
Model results of bed depletion time were compared with those from stoichiometric calculations and those from laboratory testing. The assumptions were that:
• the reaction of H 2 S binding proceeds according to equations (2) 
Conclusions
Calculations made for statistical coefficients proved that the exponential model provides the best representation of time variability of bog ore sorption capacity for H 2 S. The sorption capacity found from this model, corresponding to practical operating period of the bed, is 0.049 kg S/kg of dry matter which represents about 26% of the capacity attained in laboratory (the difference may result from difficulties in maintaining the optimum operating conditions, such as pH value, temperature and humidity, for desulfurization units under real conditions).
The demand index for bog ore evaluated by the model proposed is ca 0.003 m Sulphur hydrogen is neither the just one nor the most important factor of bog ore deactivation. It is the carbon dioxide contained in biogas which seems to be the main factor of sorption capacity decline. Also the sawdust added to fluff the bed and oxygen present in biogas have an adverse impact on chemical mechanisms of H 2 S absorption.
Considering the good points of biogas desulfurization with bog ore (ie availability and low purchase costs of the sorbent, simple operation and high availability factor of the plant) and its drawbacks (relatively low and time-variable efficiency of H 2 S removal, arduous replacement of the bed, problems with waste disposal, limited potential of process automation and control, lack of market-available product with uniform and standardized properties, eg granulate) and also the effects attained (in general, biogas meets, after desulphurization, the specifications demanded by gas motor manufacturers), a statement could be made that, under Polish conditions, biogas desulfurization with bog ore is justified mainly due to economic reasons. However, the method needs further studies. Many authors draw attention to insufficient knowledge about sorption properties of bog ores and the sorption mechanisms as well.
